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I. INTRODUCTION
T HE DESIGN and fabrication of composite materials optimized for a special application has been the subject of extensive research recently. The applications range from mechanical structures to electronic devices. In designing composite materials, primary importance is given to the proper choice of component phases and the way in which they are interconnected to maximize a predefined figure of merit for the application envisaged. An important class of these new materials is the family of piezoelectric ceramic-polymer composite transducers. To date, most of the work on piezoelectric ceramic-polymer composite materials has been focused on hydrophone applications in the low-frequency (less than 40 KHz) range, where the di-acoustic wavelength [ l]- [8] . Until now there have been no studies investigating the usefulness of these composites at higher frequencies (1-10 MHz) for medical diagnostic and nondestructive testing applications. At these frequencies, the acoustic wavelength is comparable to the scale of the composite microstructure. The acoustic impedance, bandwidth, and radiation patterns of the composite transducer can be controlled in a manner so sophisticated that it is impossible in single phase materials. The results of a systematic investigation of the composite materials made from'piezoelectric lead zirconate titanate (PZT) ceramics and piezoelectrically inactive polymer are reported here. This study focuses on the understanding of electromechanical properties of the composite materials in resonant configurations. The knowledge of the high-frequency dynamic behavior of the composite was then used to evaluate the composite materials for ultrasonic transducer applications with an emphasis on medical diagnostic applications. These results are discussed in an accompanying paper (Part 11).
In Section I1 the requirements of a piezoelectric transducer for ultrasonic imaging applications and the limitations of the existing single phase transducer materials are described. In Section 111 a brief review of the earlier works on piezoelectric ceramic-polymer composites of relevance to the present work is given. Advantages of the use of composites for ultrasonic applications are pointed out. The criteria used to select an appropriate composite structure for a detailed investigation for high frequency transducer applications are also described. Bulk mechanical properties of the polymer phase that strongly influence ultrasonic properties of the composite are summarized in Section IV. The characterization of all the different resonance modes in the composite are discussed in Section V. Laser probe measurements are presented in Section VI. The effect of temperature on the resonance modes in the composite are dealt with in Section VII. Finally, the implication of the results on the high-frequency vibration behavior of the composites in air for the ultrasonic imaging applications are summarized in Section VIII. Poor. The resonance behavior is thus high Q (narrow is in general more difficult to match than the piezoelectric bandwidth). The consequence of a high Q in a transducer ceramics. The dielectric loss tangent in P V F~ is 0.25 at a 'low Pulse-rise time and a Prolonged ring down with 2.5 MHz and acts as a major Source of absorption of eleca detrimental effect on range resolution.
trical energy applied to the transducer. In the receiver In practice, two methods are used to increase the trans-mode, the dielectric loss is found to diminish the signal to ducer bandwidth. In the first method, the resonance of the noise ratio. piezoelectric element is mechanically damped with a well
As discussed previously, single-phase piezoelectric maof the available energy is transmitted into the backing ma-for ultrasonic imaging applications. Thus, a composite terial resulting in a lower sensitivity. To improve the magnitude of dh and gh, a number of different diphasic composites using PZT and passive polymers have been fabricated. It was shown that the phase connectivity, defined as the manner in which the individual phases are interconnected, is the key feature in designing the composite materials. The electrical flux pattern and mechanical stress distribution together with the resulting physical and piezoelectric properties depend strongly on the phase connectivity. In a diphasic composite, there are ten possible connectivity patterns designated as 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 3-2, and 3-3. A 1-3 connectivity pattern, for example, consists of parallel PZT rods embedded in a three-dimension continuous polymer matrix [3] . In the notation used here, the piezoelectric phase appears first.
Dielectric and piezoelectric properties of different types of PZT-polymer composite materials designed for the hydrophone applications are summarized in Table I . Hydrostatic d and g coefficients were measured by a substitution method [7] . As listed in the table, a 3-3 composite comprised of PZT and polymer phases continuously self-connected in three dimensions to give two interlocking skeletons in intimate contact with one another [ 1, 61. A 1-3-0 composite is a 1-3 PZT rod-polymer composite with a third phase such as hollow glass spheres or pores not in contact with each other [20] . In composite with 0-3 connectivity, piezoelectric ceramic particles (PZT, pure, and modified lead titanate) 1-10 p in size are loaded in a polymer matrix [g]. Composites of PZT and polymer with 3-1 and 3-2 connectivity patterns have been fabricated by drilling holes in sintered PZT blocks and filling the holes with epoxy [7] . In designing all these composite materials, the primary goal was to decouple the transverse d3, coefficient and lower the dielectric permittivity to augment the hydrostatic d and g coefficients. The product of dh and g h listed in Table I was used as the figure of merit for the hydrophone applications.
From Table I , it is evident that the hydrostatic pressure sensitivity of some of the composites was orders of magnitude larger than the corresponding values of the piezoelectric phase used in the composites. The density of the composite could be adjusted between the densities of the component phases. Composites with porous polyurethane phase were prepared to have positive buoyancy in water. By choosing soft polymers such as silicone rubber and polyurethane, composites were made flexible.
PZT polymer composites have several advantages over conventional piezoceramic materials for ultrasonic applications. In composites most of the PZT (70-90 percent) is replaced by a low-density polymer, and hence results in a better acoustic impedance matching to the human body.
The composites also have a relatively low mechanical Q (3-10) [21] . These properties of the composites appear well suited for the broad bandwidth applications.
Although PZT has a high d33 coefficient, the voltage coefficient g33 is low because of the high dielectric constant. Thus, PZT is a poor receiver of ultrasound. The concept of composite transducer allows designing a composite structure to enhance the g33 coefficient and improve the sensitivity in the receiving mode. If the receiving voltage sensitivity of the transducer is enhanced, the human body can be interrogated at lower ultrasonic energy and the biological effects of ultrasound, if any, can be minimized.
The following criteria were used here to select composite material of an appropriate connectivity for a systematic investigation intended towards ultrasonic transducers. Transducers for ultrasonic imaging applications are oper- ated in a half-wavelength thickness mode for maximum sensitivity. Thus, the major requirement of a composite was to have a well defined thickness resonance with a reasonably good piezoelectric coupling coefficient and a low Q. Pulse-echo amplitude and bandwidth of air-backed composite transducers operating with water load in the low megahertz frequency range determined by the toneburst pulse-echo method [22] were used as additional parameters.
Among all the different composites, only those with PZT rods embedded in Spurrs epoxy' matrix with regular periodicity (1-3 connectivity) appeared to be very promising for the ultrasonic transducer application [21] . The thickness coupling coefficient for these composites was determined to be about 60-70 percent. This value compares favorably with the thickness coupling coefficient of 49 percent for the PZT-5 disc which is used in commercial transducers. Mechanical Q of the composites was low (3-10) compared to that of PZT-5 (80). The pulse-echo amplitude of these composite transducers was large (from 2-3 V to 10 V input signal) and comparable to those of commercially available transducers. The 1-3 composites had additional advantages. There are many variables including PZT rod diameter and volume percent of the PZT and polymer phases, which can be vaned relatively easily to optimize the properties for particular application. The continuous poling technique [23] can be used to polarize long PZT rods, which can then be arranged in a polymer matrix in such a way to obtain a desired radiation pattern. Since the composite structure resembles a transducer array, the knowledge of the high-frequency dynamic behavior of these composites might be helpful in resolving some of the problems encountered in array applications, such as minimizing the acoustic cross talk between the adjacent elements. Because of these advantages, 1-3 composites were chosen for an extensive investigation aimed at high frequency transducer applications.
A detailed procedure for fabricating composites with 1-3 connectivity has been reported by Klicker and co-work-'Trademark of Polysciences, Warrington, PA. ers [3] . In brief, PZT-501A2 rods were extruded using an organic binder and then fired at 1285°C for one half hour. Fired rods were aligned using an array of appropriately spaced holes drilled in a pair of brass discs bolted parallel to each other. The array of PZT rods was then cast in Spurrs epoxy matrix. The resulting composite was cut perpendicular to the length of the rod and lapped to the required thickness. The composite was then electroded with silver paint on the major surfaces and poled conventionally by applying an electric field of 20 kV/cm for five minutes in a heated oil bath at 80°C. Different composites were prepared with approximately five, ten, 20, and 30 volume percent PZT using 0.45 mm rods and with ten and 20 volume percent PZT using 0.28 mm rods. Table I1 gives the periodicity (distance between the centers of neighboring PZT rods) of PZT rods in each of these composites. The composite samples were shaped as circular discs of diameter 19 mm and varying thickness from 0.5 mm to 5 mm. A picture of typical composite samples is given in Fig. 1 . Results on the average properties including density, piezoelectric d33 coefficient, and dielectric permittivity of PZT rod-polymer composites have been reported earlier by Klicker et al. [3] . Data for the composite samples used in this work are listed in Table I1 along with the properties of single phase PZT-5O1A for comparison.
'Trademark of Ultrasonic Powders, Inc., South Plainfield, NJ IV. BULK MECHANICAL PROPERTIES OF SPURRS EPOXY Spurrs epoxy is the piezoelectrically inactive phase in the composite material considered here.
However, its function in the composite transducer is quite critical. When the composite is used as an ultrasonic transmitter, the epoxy has to effectively couple the ultrasonic energy from a high-acoustic-impedance PZT to a low-acousticimpedance load. Similarly, in the receiving mode, the ultrasonic energy incident on the composite should be transferred effectively to the piezoelectrically active PZT. The important parameters of the polymer that influence the performance of the composite as an ultrasonic transducer are its acoustic impedance, longitudinal and shear wave velocities, and attenuation coefficients and their dependence on frequency. These properties of the polymer determine the interaction among the neighboring PZT rods and hence the high-frequency dynamic behavior of the composite. Measurement techniques used to determine these parameters in Spurrs epoxy are described elsewhere [24] . Only the results which are useful for analysis of the vibration behavior of the composites are presented here.
The longitudinal and transverse wave velocities in Spurrs epoxy were determined to be 2060 m/s and 1150 m/s, respectively. The acoustic impedance of the Spurrs epoxy was calculated to be 2.27 X lo6 kg/m2-s. The attenuation of the transverse wave in Spurrs epoxy was measured to be 6 dB/cm at 0.5 MHz. The attenuation coefficient was found to increase with the square of the frequency. The glass transition temperature Tg is another characteristic parameter for polymeric material. The glass transition temperature is defined as the temperature below which the material behaves like a glass and above which the material is rubberlike and soft [25] . In the present work Tg and its dependence on frequency was determined by measuring the dielectric loss tangent of Spurrs epoxy as a function of temperature and frequency. At the glass transition temperature, the loss tangent goes through a peak and can be easily identified. For Spurrs epoxy, TR was found to be a function of frequency varying from 70°C at 1 0 0 Hz to 121°C at 1 MHz with a shift of 12-15°C per decade of frequency.
V. RESONANCE MODES Resonance modes in composite materials, as in single phase materials, are defined by the geometry and dimension of the specimen. In a circularly shaped 1-3 composite material, the resonance modes observed are the planar mode, the thickness mode, and a number of lateral modes related to the regular periodicity of the PZT rods in the composite. Characterization of the different resonance modes in 1-3 PZT rod-polymer composite will be described in the following subsections. Knowledge of the resonant vibration behavior of the composites in air is important and helpful in the evaluation of the composites as an ultrasonic transducer operating into water equivalent load.
Radial Mode P _--. 
A . Planar-Mode Resonance
The planar mode (also called radial) vibration in thin disc, as illustrated in Figure 2 (a), involves simultaneous mechanical motion in the 1 and 2 directions driven by the electric field in the 3 direction (poling direction). Since the diameter was the largest dimension (19 mm) in all the composite samples, the planar mode was the lowest frequency resonance mode.
The IRE (now IEEE) standard on piezoelectric measurements [26] was used to determine the electromechanical coefficients and elastic constants. The most important parameters for calculating these constants are the series and parallel resonance frequenciesf, and&, the geometric capacitance C,, and the impedance minimum lZ,l at resonance. A spectrum analyzer (HP 3585A), which provides a circuit similar to the transmission network recommended by the IRE standard, was used in measuring frequencies fm and f, corresponding to minimum and maximum impedance. In the presence of high mechanical losses, fm andf, are quite different fromfs and&. The IRE Standard recommends the following approximation to calculate Af = fp -fs from the measured value off, and f, For M > 3, (4) was simplified to
The calculated values of kp and Q from (3) and ( 5 ) for several composites are summarized in Table 111 . The frequency constant Np for the planar mode (product of resonance frequency and the diameter) is also listed in the table. The data are divided into two groups depending on the thickness of the sample. The first group investigated consisted of thin samples with a thickness of about 0.6 mm. The second group was comprised of all samples thicker than 3 mm and was classified as thick samples. The properties remained virtually constant in the two extreme limits. The data listed in the table are an average of the measurements of at least five samples.
As it emerges from Table 111 , the figure of merit M for the radial-mode resonance of all the composites was between one and two. As mentioned before, (3) and ( 5 ) used for calculating kp and Q are not fully valid for values of M < 3. Subsequently, the values of kp and Q listed in Table   111 are far from being exact. However, since the value of M is approximately the same for all the samples, the uncertainty in assessing k,,, and Q is of the same order. Hence the results can be used for a relative comparison of samples having different volume fraction PZT. Table I11 indicates that the planar coupling coefficient k,, of the composites increases with increase in the volume fraction of PZT. Thick composites have a higher kp compared to thin composites of the same volume fraction.
Lower values of kp in thin samples indicate that the mechanical energy is not efficiently coupled from the PZT rods to the polymer and from the polymer back to the PZT rods. The coupling becomes more efficient for thicker samples indicating a greater homogeneity. A similar explanation can be given for the difference in the frequency constant between the thick and thin samples.
In the last column of where fs is the series resonance frequency of the planar resonance. The modulus E, is the elastic modulus of the composite perpendicular to the PZT rod axis, p is the density, and a is the radius. In ( 6 ) (E,lp)"* corresponds to the longitudinal velocity C, perpendicular to the rod axis. In calculating C, from (6), fs was measured and D was assumed to be 0.3 as already mentioned. An attempt was made to theoretically estimate the longitudinal velocity C, by obtaining an expression for the elastic modulus E, perpendicular to the rod axis as a function of volume fraction of PZT. Knowing E,. and the density p of the composite (Table 11) , C, was calculated from the expression C, = (E,/fi)"2.
The effective modulus E, in the transverse direction can be calculated by the Reuss constant stress model
[14], which assumes that the two phases experience equal stress. This assumption seems appropriate for a combination of hard filler in a soft matrix, because the matrix should deform more than the filler and the stress in such a solid should be fairly constant. The effective modulus by the Reuss model is given by ness decreases, approaching the Q of single-phase PZT 501A (80) [28] . The planar-mode resonance was studied as a function of temperature up to 100°C. It was observed that the planar coupling coefficient remained virtually constant with increase in temperature. However, the amplitude of the resonance spectrum decreased gradually with temperature and was suppressed below 0.1 dB at 100°C. Measurements could not be made on the radial-mode resonance above 100°C. It is interesting to note that this temperature corresponds to the glass transition temperature of Spurrs epoxy (Section IV) at the resonance frequencyf, (50 KHz). It is conceivable that the suppression of the radial mode above 100°C is due to the very lossy nature of the Spurrs 
where r is the thickness, and the meaning of the other terms in (8)-(IO) is given in Section V-A. The IRE Standard method was used to calculate these properties of the composite corresponding to the thickness-mode resonance.
The experimental results are summarized in Table V . The data are again divided into two groups: thin samples with thickness around 0.6 mm and thick samples with thickness above 3 mm. As it can be seen in the table, with the exception of the five percent PZT composites, the figure of merit M for the thickness mode resonance of all other samples was above three. Hence, the approximations recommended by the IRE Standard to calculate k, and Q are valid. Indeed the values of the kt and Q determined by the vector impedance method on a selected number of samples were within two percent of the values calculated by the IRE standard method.
Data listed in Table V indicate that for the thickness mode resonance of thin samples (r = 0.6 mm), kt was 60-70 percent, and Q was three to ten. For thick samples ( t > 3 mm), k, was approximately 50 percent, and Q was 20 to 30. In general, thin composites had higher coupling coefficient k, and frequency constant e compared to thick samples while the mechanical Q showed the reverse trend. The coupling coefficient and the frequency constant of thin samples were close to that of single phase PZT 501A (k33 = 70 percent, and = 3700 Hz m for PZT 501A) and were independent of the volume percent of PZT. In thick thick samples both k, and NP were proportional to the volume percent of PZT.
The observed behavior of the composites in thicknessmode resonance can be explained as follows. At the resonance frequency, PZT rods vibrate with a large amplitude. The vibrating rods act as a source of complex transverse waves in the epoxy propagating in a direction perpendicular to the axis of PZT rods. These transverse waves generated in the epoxy interact with the array of PZT rods. In the first approximation the interaction is assumed to involve only nearest neighbors. Effectiveness of the interaction depends on the amplitude and phase of the transverse wave relative to that of the PZT rods. For thin samples resonating around 2.25 MHz, the wavelength of the transverse wave is approximately 0.5 mm (taking the transverse wave velocity to be 1150 m/s from Section IV). It is also known that the Spurrs epoxy is extremely lossy for transverse waves at this frequency. This results in only a weak interaction between the vibration of neighboring PZT rods. The relatively low Q of thin samples indicates that the rod vibrations are partly damped by the surrounding polymer.
The thick sample resonate around 0.5 MHz and the wavelength of transverse waves in the epoxy is approximately 2.3 mm. The wavelength is 1.5 to three times larger than the separation distance between the PZT rods in the composites of different volume percent PZT. Since the attenuation of the transverse waves in the epoxy is relatively low at 0.5 MHz ( -6 dB/cm), the amplitude of the transverse wave must be significant to cause a strong interaction between the rods through the epoxy medium. The low coupling coefficient in thick samples is probably a result of the phase cancellation effect between the vibrating rods (due to the electrical excitation) and the mechanical interaction between the rods through the epoxy. The low mechanical loss in the epoxy is reflected in the high Q of the composite. The longitudinal velocity Cl along the length of the rod can be theoretically estimated by calculating the elastic modulus EI of the composite parallel to the PZT rods. At frequencies where the transverse wavelength is much larger than the separation distance between the rods, the Voigt constant strain model [l41 can be applied. The composite modulus using the Voigt average is written as El = u , E~ + u ? E~
( 1 1) where El and E2 are the moduli, and u I and u2 are the volume fractions of the two phases (PZT and epoxy). For PZT rods with a diameter that is small compared to length, the modulus along the length is given by E = l/$: = 10.5 x 10" N/m2 (the Young's modulus of the rod at constant electric displacement). The longitudinal velocity Cl was calculated from the relation Cl = (El/p)"2. The experimentally determined longitudinal velocity Cl, expressed as twice the frequency constant @, is given in the last column of Table V . This velocity is compared with the calculated values in Fig. 5 . The excellent agreement between the experimental and theoretical values further supports the equal strain model for calculating the effective modulus of the composite along the rod axis. propagation in a two dimensionally periodic lattice cor-
C. Lateral-Mode Resonances
In addition to the radial-and thickness-mode resonances and their overtones, other resonances were observed in the frequency range 0-2 MHz. The frequencies of these resonances were independent of sample thickness, but were related to the lateral periodicity of the PZT rods in the composite. Absolute value of electrical admittance was measured on samples as a function of frequency in the ambience of air and water using a spectrum analyzer (HP 3585A). Here samples of different thickness and volume fraction were examined to identify the different resonances observed in the 0 to 2 MHz frequency range. Three major resonances of interest are designated as fi, AI, and A2 as categorized in Table VI. The resonance corresponding to fi was inversely proportional to the thickness of the sample. This resonance was heavily damped when the resonator was immersed in water. Such behavior suggests that resonance at fi is the longitudinal thickness vibration. The longitudinal velocity of sound, calculated using the formula Cl = 2tf, agrees very well with the theoretically estimated value for the composites of different volume fractions, as discussed in detail in the previous section. The resonances at&, and&? were very similar in nature. For a certain volume fraction, these resonances always occurred at specified frequencies regardless of the thickness of the sample. As can be seen in Table VI , increase in the volume fraction results in closer spacings of rods (reduction of the unit cell) and the resonances and A2 move to higher frequencies.
The behavior of the composites could be explained by simple averaging schemes such as the constant strain model and the constant stress model for wavelengths large or small compared to the lattice periodicity (Section V-A and V-B). In the vicinity of the resonances of A, and A2, the wavelength of the transverse shear wave is comparable to the unit cell dimensions of the array and the analysis is more complicated.
A Brillouin theory of elastic wave When the rod spacing d is one'shear wavelength, a comtrated in Fig. 6(a) . In this case a z-polarized, x-propagating wave is again Bragg-scattered with a phase shift of 27r from one vertical plane of rods to an adjacent plane. However, it is easily verified that the wave is also Bragg-scattered at the same frequency by the 45" planes of rods, so that resonant scattering of the x-propagating wave into a y-propagating wave occurs. These y-propagating waves also experience resonance scattering of the same type. As a result, the solution is a two dimensional resonant stand- vibrate in phase and correspond to the second stopband of the square lattice.
responding to the PZT rod-polymer composite was developed by Auld er ul. in 1311. For laterally propagating shear waves with polarization along the rods, the lowest stopband frequencies were calculated. The existence of stopbands was related to Bragg-scattering from planes of rods having various orientations in the square lattice. The essential phenomena can be explained by reference to Fig.  6 . Suppose in Fig. 6(a) that a z-polarized, x-propagating shear wave is incidect on the grating. At a frequency for which the rod spacing d is one-half the shear wavelength (X,), constructive reflection (Bragg-scattering) occurs from vertical planes of rods, and resonance occurs between adjacent vertical planes. The x-propagating wave is also scattered from planes of rods at 4.5" to the x and y axes; but in this case, Bragg conditions are not satisfied and resonance does not occur.
A stopband exists at d = h,/2 for an x-propagating wave, but there is no resonant scattering into y-propagating waves. At the stopband edge, the solution is a standing wave along x. From the square symmetry of the lattice, a similar standing wave solution along y also exists. This behavior corresponds to the first stopband of the lattice.
For-a z-polarized z-propagating wave incident on the lattice, no Bragg scattering can occur because the structure is uniform along z . However, a spatial modulation of the phase fronts is produced by the difference in the properties of the rods and matrix. Consequently, space harmonics are generated but none are resonant. Similar conclusions are obtained for z-propagating waves of other polarizations.
In the following section, detailed laser probe measurements of the actual displacement on the composite to analyze the nature of vibration at these frequencies are reported.
VI. LASER PROBE MEASUREMENTS
The measurements of actual displacement on the composite samples were performed using the laser heterodyne technique [31] . The samples were fine polished (+ 1 pm) and electroded with highly reflecting gold electrodes for the laser probe measurements.
Relative amplitude and phase of the ultrasonic displacement was measured along two scan paths: along a row of PZT rods and on the epoxy surface in between two adjacent rows of PZT rods as predicted to be zero; and this has been verified experilated in the last two columns of Table VI is lower than the measured velocity of 1150 m/s (Section V). This is possibly due to the mass loading by the PZT rods. -40 mentally. The velocity C,, of transverse waves, as tabu- ure. The small phase variations are attributed to the dampshown in Fig. 6 . Fig. 7 gives electrical input impedance ory outlined above ,311. ing in the composite which was not considered in the thedata taken On One Of these lol in As is clearly Seen in Fig. 10 andfi, respec-energy from PZT to epoxy. The PZT rods vibrating due tively, for this sample.
C . Vibration Pattern at Frequency f(
to electrical excitation act as the source of transverse waves
A . Vibration Pattern at Frequency f,,
The plot in Fig. 8 shows the complex vibration pattern at frequency 5, corresponding to the second stopband along the unit cell, (Fig. 6(a) ), where the rods all vibrate in phase. (Vibrations at the first stopband discussed earlier have a 180" phase shift from one plane of the rods to the next and cannot be excited electrically in a uniformly electroded sample.) Superposition of the x and y standing waves illustrated shows that the z-displacement has a positive maximum at a , negative maximum at b, and zero at c . Because of symmetry, these statements apply at all equivalent points in the lattice. In the scans of Fig. 8 , the maxima of the standing wave pattern at a and b arel80" out of phase, as predicted. The predicted zeros at c in Fig.  8(a) and at the equivalent point in Fig. 8(b) are less satisfactorily reproduced, possibly due to imperfections in the lattice and inaccuracy in alignment of the scan. The velocity of the transverse waves, c, = dfil is tabulated in Table VI .
B. Vibration Pattern at Frequencyft2
The plot in Fig. 9 shows the complex vibration pattern at frequencyj? corresponding to the stopband in Fig. 6(b) . This is another of the higher stopbands for which the rods vibrate in phase and can be excited by uniform electrodes. Atf2, standing transverse waves along the unit cell diagonals are superposed to give maximum displacements 180" out of phase at a and c, and maximum in phase displacements at a and b. These features are clearly observable in the scans of Fig. 9 , except that the maximum at a is smaller than that predicted from the assumed standing wave pattern. This is attributed to the presence of higher space harmonics such that the standing wave patterns are not simple sinusoids. It can also be seen from Fig. 6(b) that the displacement at point d , midway between a and b, is in the epoxy travelling in a direction perpendicular to the axis of the PZT rods. The transverse waves produced interact with neighboring rods to produce the resultant vibration pattern. The vibration pattern depends very much on the wavelength of the transverse waves in relation to the periodicity of the lattice. As the wavelength of the transverse waves becomes larger compared to the lattice periodicity, ultrasonic displacement on the composite is expected to be more uniform. Fig. 10 -12 compare the ultrasonic displacements on the surface of composites 101, 102, and 103 (Table VI) resonating in the longitudinal thickness vibration at frequencies 620, 414, and 270 KHz, respectively. All the samples have ten-volume-percent PZT with a periodicity of the lattice equal to 1.27 mm. The only variable in the samples are the wavelengths of transverse wave at the thickness resonance frequency, which are respectively 1.9, 2.7, and 4.3 mm for the above three samples (calculated using the transverse wave velocity in Spurrs epoxy of 1150 m/s). The difference in amplitude of vibration between the PZT and epoxy observed in sample 101 is greatly reduced in sample 102. This is directly attributed to the longer wavelength of transverse waves in sample 102. For sample 103 the transverse wavelength is more than three times the periodicity, and there is no noticeable difference in amplitude between the PZT and epoxy. The composite vibrates uniformly across the surface with almost equal strain on the PZT and epoxy. Small phase variations seen across sampe 101 are not measurable for sample 103. This is probably because of the reduced attenuation in the epoxy at lower frequencies (Section IV). The vibration pattern observed in sample 103 is in accordance with the assumption in Section V-B of the constant strain model used to calculate the effective modulus along the fiber axis, when transverse wavelengths are large compared to periodicity. This uniform ultrasonic displacement observed on the sur- face of the composite is a clear indication of efficient coupling of the mechanical energy from PZT to the epoxy. Since the acoustic impedance of the epoxy is relatively close to that of the human body, an effective coupling of acoustic energy from the composite transducer to the human body is ensured.
VII. EFFECT OF TEMPERATURE ON THE RESONANCE MODES
In this section the effect of temperature on the electromechanical properties of the composite is discussed. It is clear from the preceding sections that the high-frequency l . I dynamic behavior of 1-3 composite is strongly dependent on the mechanical properties such as the velocity and attenuation of ultrasonic waves in the Spurrs epoxy. These properties of Spurrs epoxy are very sensitive to temperature. The Spurrs epoxy is glassy at room temperature and goes through the glass transition temperature to a rubber like material in a temperature interval of only about 100°C. In the glassy state, it was also shown (Section V-A) that the compliance of the epoxy increased by approximately 65 percent in the temperature range of 0 to 100°C. Thus, a study of the temperature dependence of the resonance modes will help in understanding the electromechanical properties of composites with different polymer matrices, having a wide range of elastic properties.
In the experiment, the resonance behavior of composites freely suspended in air was studied as a function of temperature from 0 to 150°C. The thickness-mode coupling coefficient k,, mechanical Q, and the frequency constant N f of the composite were determined at 2°C intervals both in heating and cooling cycles. The heating and cooling rates were maintained at approximately 2"C/min. thickness 5.15 mm) at different temperatures up to 170°C.
The behavior is typical of all thick (thickness > 3 mm)
composites. According to the analyses given in the previous section, the three major resonances observed at room temperature ( Fig. 13(a) ) were identified as follows.
1) Resonance at 0.262 MHz was identified as a half wave resonance along the thickness of the composite and is denoted byf,.
2) Resonance at 0.644 MHz was identified as the standing wave pattern in the epoxy arising from lateral periodicity of the PZT rods. This resonance is denoted byf,,.
3) Resonance at 1.030 MHz was identified as the third overtone of the thickness mode.
Weak secondary resonances below the frequency of thickness-mode resonance were ascribed to the overtones of the planar-mode resonance of the composite disc.
The effect of temperature on the above resonance modes (Fig. 13.) is explained by the following. As the temperature was increased from 25"C, the epoxy is expected to mechanically soften at a faster rate than PZT. Therefore, the resonance frequency AI, which is mainly determined by the elastic modulus of the polymer, decreased at a faster rate than the resonance frequency fi, which is defined by the composite modulus E,. As seen in Fig. 13(b)-(d) , at higher temperaturesf,, gradually approaches f, and finally merges withf, at approximately 110°C. In the temperature range 11O-13O0C, the two modes interfere with each other.
At temperatures above 130"C, f r l passes through h and eventually disappears at a temperature around 135 "C. This disappearance can be attributed to the fact that above the glass transition temperature the epoxy is less viscous and cannot support a standing wave pattern of the transverse wave (glass transition temperature of Spurrs epoxy is around 110°C at 200 KHz, from Section IV). It is worthwhile to note that above 130"C, the amplitude of thickness mode was increased (Fig. 13(e)-(h) ). The secondary lowfrequency resonances clearly seen at 25°C disappear at approximately 100°C. This disappearance is again ascribed to the lossy nature of the epoxy around the glass transition temperature.
The coupling coefficient k, and Q of the thickness-mode resonance for sample 130 are plotted as a function of temperature in Figs. 14 and 15, respectively. The value of k, (0.48) determined at room temperature (25°C) did not change substantially up to approximately 110°C.
In the temperature range from 100 to 130"C, k, exhibited a minimum. Above 130"C, after the transverse mode had disappeared, k, increased significantly to about 60 percent. As shown in Fig. 15 , the mechanical Q at 25°C was about 20. The Q remained constant to approximately 100°C and decreased to a value of five at temperatures above 130°C.
The observed coupling coefficient k, and Q in a thick sample at room temperature were attributed to the strong mechanical interaction among PZT rods through the epoxy matrix. At temperatures above the glass transition temperature TK = llO"C), the epoxy is rubber like and soft.
As a result, the mechanical interaction among PZT rods becomes weaker as also indicated by an increase in the amplitude of the resonance spectrum ( Fig. 13(e)-(h) ). In effect, k, of the composite approach kS3 of a freely suspended PZT rod (70 percent) and Q decreases because of the damping provided by the lossy polymer. It may be recalled here that for a thin (thickness = 0.6 mm) composite sample, k, was 60-70 percent, and Q was 3-10 ( Table V) .
These values are very close to those measured for thick composites above the temperature TR. It appears that the nature of vibration of a thick composite above TK resembles that of a thin composite at room temperature. In thin samples, since the coupling among the PZT rods is very weak at room temperature, the increase of temperature above TR is unlikely to affect the resonance behavior. This seems to be confirmed by the plot of k, versus temperature for a typical thin composite sample with thickness mode frequency at 2.25 MHz (Fig. 16) . No significant variation of k, was seen over the entire temperature range of 0 to 150°C. Thus, the temperature dependence of the electromechanical properties of composites further supports the proposed model describing the nature of vibration for different resonance modes of 1-3 composites.
VIII. CONCLUSION
The resonance modes in circular shaped 1-3 PZT rodpolymer composites were fully characterized. In general, the planar coupling coefficient increased with increase in volume percent PZT. For a given volume percent PZT, thick samples had better planar coupling coefficient than the thin samples.
For thickness mode resonance of thin samples, k, = 60-70 percent and Q = 3-10. For thick samples, kt = 50 percent and Q = 20-30. The difference in the observed behavior was explained by considering the strength of the interaction among the PZT rods through the epoxy. At the thickness-mode resonance, the coupling of acoustic energy from PZT to epoxy was found to be most efficient, when the transverse wavelength in epoxy at the resonance frequency was much larger than the periodicity of the lattice. When this condition is satisfied, the composite vibrates like a homogeneous body and it will be shown in Part I1 of this work that the composite materials exhibit excellent sensitivity operating into water load. From the effect of temperature on resonance behavior, it is clear that the interaction among the PZT rods through the epoxy matrix can either be enhanced or suppressed depending upon the properties of the polymer phase. Composites with low transverse coupling could be utilized for linear and phased array systems.
In addition to these two modes of resonances, additional modes were observed because of the regular lateral periodicity in the structure. The results showed that these resonances arose from the superposition of the standing wave pattern of the transverse waves in the epoxy. The experimental results were in excellent agreement with the theory of wave propagation in two dimensionally periodic solids.
